We illustrate an example where multiple flat directions give rise to inflation with a help of non-minimal kinetic terms. We show that multiple fields can assist inflation irrespective of the field potentials which are expected to be lifted in the early Universe. We argue that inflation may proceed in this set-up even if individual potentials are too steep to sustain inflation on their own. We calculate the density perturbations and the spectral index, we find that the spectral index is closer to scale invariance than the spectrum that any individual field would generate.
Introduction
The current satellite based experiments suggest that the early universe might have had a spell of accelerated expansion, known as cosmic inflation [1] . The idea of inflation is interesting as it solves quite a range of problems [2] . Usually it is assumed that a single gauge singlet with its non-vanishing potential energy is responsible for driving inflation [3] . It has been pointed out that multiple fields with canonical kinetic terms can drive inflation, inspite of the fact that the individual potentials are too steep to drive a slow-roll phase of inflation, known as assisted inflation [4, 5] . In this paper we extend the idea of assisted inflation to a moduli space of fields which are not flat and which are not gauge singlets.
In literature the moduli space of supersymmetric flat directions is parameterized by gauge invariant monomials [6] [7] [8] , in which case the flat direction is some linear combination of the scalars of the theory. For instance the scalars could belong to the Minimal Supersymmetric Standard Model (MSSM). However, recently, the dynamics of multiple flat directions has been studied in [9] , which are described by the gauge invariant polynomials. The moduli space of such fields can have an intrinsic curvature and hence unsuppressed non-minimal kinetic terms for the flat directions. We use this kind of model in our study here.
Usually the early universe dynamics breaks supersymmetry and non-renormalizable superpotential corrections lift the flatness [7, 10] (for a review on cosmological relevance of flat directions, see [11] ). Therefore, the flat directions are often discarded as a candidate for inflaton, because the potentials turn out to be too steep to realize slow roll inflation compatible with present observations. However in this paper we argue that for multi field flat directions the effective potential can be made flatter compared to the single flat monomials, which helps in assisting slow roll inflation. We find that although we require large number of fields, which may not be possible within MSSM, but in certain realistic string models, where there are large number of gauge invariant flat directions, inflation could be driven by the multi flat directions.
We consider some simple supersymmetry breaking potentials to illustrate. We also determine the density perturbations and the tilt in the power spectrum, which in these simple models turn out to be given by effective slow-roll parameters ǫ ef f = ǫ/(N + 1) and η ef f = η/(N + 1), where N describes the number of fields, and ǫ, η are the usual one-field slow-roll parameters.
Dynamics
Let us consider an example of SO(N + 1) or SU(N + 1), depending on whether we study real or complex fields, with fields A i , i = 1, . . . , N and B j , j = 1, . . . , M in the fundamental representation (N + 1), with a D-flat direction described by a gauge invariant polynomial
which produces a vacuum configuration
For simplicity, we leave behind the complications of gauge field configurations, for details see [9] . We also assume that the superpotential is such that Eq. (2) is also F-flat, although this is not really necessary since any superpotential contributions can be taken into account in the potential. Another choice, which leads to the same Lagrangian for the flat direction Eq. (5), is SU(2) (SO(2)) theory with N fields A i , where N is odd, and M fields B j transforming as (2), with D-flat structure
As we mentioned above, the early universe dynamics breaks supersymmetry and induces soft supersymmetry breaking mass terms, there are also contributions from non-renormalizable superpotential corrections. Therefore the flat direction also obtains soft supersymmetry breaking mass terms, V ∼ j m 2 sof t |φ j | 2 , where the masses can be different for different φ j . For the purpose of illustration, we keep the potential for the flat direction, V , arbitrary. The Lagrangian of the flat direction is derived from
where c = 1/2 for real fields and c = 1 for complex fields. By inserting Eq. (2) (or Eq. (3)) into Eq. (4) leads to a Lagrangian
where
is the projection operator, and for real and complex fields, respectively,
This results into an equation of motion
and the Friedmann equation
where M p is the reduced Planck mass, H the Hubble parameter and a the expansion factor of the Universe. Since on large scales the Universe is homogeneous and isotropic, all the spatial derivatives vanish when applied to background quantities. Now let us also suppose for simplicity, V = V (|Φ|), and that during inflation the motion is primarily radial in the field space. Then it follows that the centrifugal acceleration vanishes in Eq. (8) and we can write the equations of motion for r = |Φ| alonë
Now the slow-roll approximation requires that |r| ≪ 3H|ṙ|, |V ′ /(N + 1)| and (N + 1)ṙ 2 /2 ≪ V (r), so the equations simplifẏ
The above dynamics can also be obtained by defining the effective slow-roll parameters
are the usual slow roll parameters. Note the following interesting points, both ǫ ef f and |η ef f | become less than one for a large number of fields, N. We can also define the number of e-foldings, N as
where now the end of inflation is defined by ǫ ef f (r e ) = 1 and r e is the value of r at the end of inflation. This shows that even if the potential were not flat enough for the usual slow-roll conditions to hold, the effective slow-roll parameters are small enough, therefore the required number of e-foldings can be generated if there are just enough many A type fields. In order to solve the problems of Big Bang cosmology some ∼ 60 e-folds of inflation is needed. This can be achieved by
where ∆r ≡ r i − r e . 2 From this it can be seen that the lower the scale at which inflation happens is, the more fields are needed. On the other hand for chaotic type of inflation models, for ǫ ≫ 1 when r ≪ M p , even more fields are required.
Density Perturbations
It is well known how to calculate the curvature perturbation spectrum in case there are multiple scalar fields and non-flat field metric [12] 
2 Here ǫ is the usual slow-roll parameter for one-field inflation, but here it is not required to be ≪ 1, only ǫ ef f ≪ 1 is required to produce inflation.
where G is the field metric and the summation goes over field components running through both φ i and φ * i in case of complex scalar fields. The isocurvature perturbations have been ignored in the above Eq.(17). The inverse field metric is given by
Now assuming that field trajectory is radial, the number of e-folds N depends only on r, Eq. (15). From Eqs. (15, 17) , the curvature perturbation spectrum is given by
Note that this last expression contains only the radial mode and it is the same as the usual formula for a single field case. This reiterates the point that multi-field dynamics do not alter the spectrum of density perturbations, see [4] . Of particular interest is the spectral index n. This is given in our case by [12] n
This result shows that for larger N, the spectral index is even closer to the scale invariant. Also note that we recover the standard one field result when we choose N = 0. During inflation there will also be fluctuations along the transverse direction, with an amplitude ∼ H/2π. There are N −1 such modes along which the perturbations will give rise to the isocurvature fluctuations, which feed the curvature density perturbations outside the horizon, see for instance [13, 14] . For the time being we ignore them. We will discuss in detail the isocurvature perturbations in a separate publication.
Potentials for the flat directions 4.1 Sub Planckian Chaotic Inflation
We consider some examples. A simple chaotic type model, V (r) = (1/2)m 2 r 2 . Usually this kind of potential arises from soft supersymmetry breaking contributions. The slow-roll conditions dictate the end of inflationary phase, e.g. ǫ ef f (r e ), |η ef f (r e )| ∼ 1, gives rise to
where inflation happens for r > ∼ r e . Therefore ending inflation below the Planck scale.
If there are large enough fields, enough e-foldings of inflation can be obtained even if the vevs of the fields are sub-Planckian. Often supersymmetric flat directions obtain non-renormalizable superpotential corrections giving rise to potentials of the form V ∼ M 4−α p r α . Usually these potentials are trustable only at sub-Planckian vevs. With multi-fields it is therefore possible to realize inflation, since inflation ends in this case when r e ∼ α/(2 √ N + 1)M p , at sub-Planckian vevs. 
Inflation with Hubble Induced masses
Usually, it is hard to drive slow roll inflation for a Hubble induced mass correction, usually it is dubbed as a supergravity η problem 3 . Nevertheless, in our case it is possible to drive inflation with multi-fields even if there are Hubble induced mass corrections, for instance the effective mass for the radial mode will be given by
For large number of A type fields, N, the effective mass is much less than the Hubble expansion during inflation and therefore inflation can proceed without inhibition. The spectral tilt in the power spectrum remains close to the scale invariance.
New Inflation
Another interesting potential which we now consider is of type new-inflation, V (r) = V 0 ± (1/2)m 2 r 2 . The slow-roll conditions require m ≪ (N + 1)H. Inflation ends when r ∼ (1/ √ N + 1)M p . Therefore for larger N, low scale inflation work even better. The comparison to the COBE normalization gives
So typically many fields will lower the scale of inflation.
Conclusion
In this letter we have addressed the issue of flat directions parameterized by multiple scalar fields, which are denoted by gauge invariant polynomials. The common practice is that there is an effective gauge singlet scalar field driving inflation. Nevertheless any supersymmetric theories generically provide gauge invariant flat directions with a large moduli space. We consider a particular class of flat directions which has non-minimal kinetic terms giving rise to intrinsic curvature such that they can flatten the effective potential, and therefore giving rise to inflation. This phenomena offers assistance to chaotic type inflation, where inflation is realized only at super-Planckian vevs, but with multi scalars it is possible to have inflation with sub-Planckian vevs suitable for gauge invariant polynomials. We also show that natural inflation can be realized at lower scales than that of a single scalar field case. With multi-field flat directions it is possible to drive inflation in supergravity-based models, where the inflaton usually obtains Hubble induced mass correction.
We have also studied the density perturbation spectrum produced, which has a spectral index n depending on the number of multiple flat directions. We show that the spectrum is brought closer to the scale-invariance for more flat directions participating in the inflationary expansion. A perturbation spectrum close to scale invariance is preferred by current observations.
Note Added
While we were finishing our paper, we came to know the existence of a complimentary paper [15] , where the authors have derived assisted inflation from large N-field configuration.
